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(57) ABSTRACT 
An apparatus for remotely controlling the movements of a 
vehicle includes a user input means, such as a gamepad With 
a plurality of joystick-controlled and button-controlled out 
puts, a tracker, and optional sliding foot pedals; a processor 
for running a control mapping algorithm; and a remote 
vehicle controller. A control mapping algorithm maps the 
outputs to the remote-controlled vehicle’s course, heading, 
displacement, and camera vieW, With the joysticks mapped 
to provide open loop directional control over the vehicle’s 
course and heading, the tracker providing open loop control 
over the camera vieW, and the optional sliding foot pedals 
providing open loop control over the vehicle’s displacement. 
The remote vehicle controller sends commands to on-board 
controls to direct the vehicle’s movement. A video stream 
from an on-board camera is transmitted back to the operator 
station for vieWing on a computer desktop display or a head 
mountable display. 
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REMOTE VEHICLE CONTROL SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This Application is a Non-Prov of Prov (35 USC 
ll9(e)) application 60/722,085 ?led on Sep. 28, 2005 and 
incorporated herein by reference. This application is related 
to patent application U.S. Ser. No., entitled “OPEN-LOOP 
CONTROLLER”, ?led concurrently hereWith. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to a method 
and apparatus for allowing a user to remotely control the 
movements of a vehicle in a physical environment, includ 
ing the course, heading, displacement and vieW. In particu 
lar, the present invention relates to such a method and 
apparatus Where a user can control the vehicle motion 
through its environment by operating a set of control input 
devices. 

BACKGROUND OF THE INVENTION 

[0003] A virtual environment (V E) is an array of sensory 
cues generated in response to a user’s actions that gives the 
user the impression of dealing directly With a three dimen 
sional model. Typically either a head mounted or ?xed 
display is used to present a dynamic perspective image of the 
visual environment as the user moves Within the VE. The 
virtual environment may be synthetically generated Within a 
computer or may involve sensory input from a remote 
physical location (as in tele-operations). V1rtual locomotion 
is movement over long distances in a virtual environment 
Which is controlled by a user remaining Within a relatively 
small physical space. 

[0004] An avatar is a computer model of an articulated 
human ?gure that depicts the user’s body in the virtual 
environment. The motion of the avatar is controlled by the 
user. When the user has a ?rst-person vieW he sees the 
virtual World through the eyes of the avatar, so that the vieW 
of the VE changes as the avatar’s head turns and translates 
through the VE. The major components of the avatar’s 
motion involves locomotion: orienting and moving the body 
over the terrain. This Will be the primary focus of the 
controls described herein. The neW approach to controlling 
the avatar’s motion also addresses turning the head to look 
around, and adopting different stances and postures. These 
secondary aspects of motion Will be addressed after control 
over the major aspects of locomotion has been covered. 

[0005] Virtual locomotion can be used for a variety of 
purposes, such as: training or rehearsal in executing skills, 
tasks, strategies, and navigation that involve moving 
through an environment on foot; planning activities that 
involve moving through a target environment; evaluating the 
ergonomics or aesthetics of structures designed for human 
habitation, or of devices intended for mobile operation; 
piloting remote surface vehicles; communications betWeen 
people at different locations When they Want to relate to each 
other in a Way that involves locomotion; and entertainment 
experiences that involve moving through a virtual environ 
ment. Particular applications Would include training people 
to perform haZardous tasks Without risking bodily harm or to 
train soldiers in combat simulators Where the soldier inter 
acts With the surrounding environment Which includes other 
members of a team. 
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[0006] We adopt terms used in both vehicular and human 
navigation literature to describe different types of locomo 
tion. When focusing on locomotion We Will assume, in order 
to facilitate our explanation of the invention but Without 
being expressly limited by the depictions in the ?gures, that 
the head remains level, faces straight-ahead, and maintains 
a ?xed alignment With the rest of the upper-body as pictured 
in the ?gures. There are three components of motion in the 
horiZontal plane. Heading is the angular direction the upper 
body faces; course is the angular direction the pelvis trans 
lates; and displacement is the distance the pelvis translates 
along the course. The ?rst tWo components specify orien 
tation With respect to a ?xed reference direction and the third 
speci?es distance traveled. The alignment-offset is the angle 
betWeen the course and heading. The angle betWeen the 
direction of a step (course) and the direction of the upper 
body (heading) determines the kind of step being taken 
(FIG. 1). A ?gure or avatar 1 representing a person in a 
virtual environment is depicted from above With arms 
extended holding a ri?e. Accordingly, the ri?e is shoWn 
aligned in the direction the avatar 1 is facing, in FIG. 1 and 
in subsequent ?gures (unless indicated otherWise), such that 
avatar 1’s heading is aligned in the direction of the held ri?e 
While the bold-face arroW under avatar 1 indicates its course. 

[0007] The application of course, heading and displace 
ment yields (at any point in time) a position and orientation 
in 3 degrees-of-freedom (DoF): the X,Y position on the 
ground and a YaW rotation about the vertical axis of the 
global coordinate frame. (Degrees-of-Freedom (DoF) is 
de?ned as the number of independent variables describing 
the state of a system or device. Abasic computer mouse, for 
example, provides 2-DoF since it reports continuous X and 
Y displacements as it moves over a surface.) 

Classi?cation of Human Locomotion 

[0008] We have developed a means of classifying the 
kinds of motion a person can make While Walking or running 
in the real World in terms of hoW course and heading vary. 
This neW classi?cation of motion is useful for characterizing 
existing systems as Well as for explaining the neW collection 
of open loop controls of the invention as elaborated on 
beloW. All the kinds of motion shoWn in FIG. 2 involve 
avatar 1 moving along a path, With the consecutive positions 
of avatar 1 for each of three positions indicated sequentially 
by the direction of the arroW alongside, and again (as in FIG. 
1) With the avatar 1’s heading in each instance being aligned 
With the ri?e While the bold-face arroW under avatar 1 
indicates its course (here and also in subsequent ?gures). 
Although a person can also turn the heading Without trans 
lating by tWisting the pelvis or stepping to turn in place, 
those motions are not depicted. We de?ne four classes of 
motion. Steering Motion: Course and heading remain co 
aligned While moving along a path (FIG. 2, upper left). 
Steering motion can be used to move directly toWards a 
stationary or moving target and to folloW a route marked out 
on the ground by facing forWard along the trail. Canted 
Motion: Course and heading maintain a ?xed alignment 
o?‘set (de?ned above) While moving along a path (FIG. 2, 
upper right). Steering motion is a sub-class of canted 
motion. Note that stepping backWard along a path is also an 
example of canted motion (With a ?xed alignment-offset of 
180 degrees), but may also be thought of as steering in 
reverse. Oblique Motion: Heading remains in a ?xed direc 
tion While moving along a path (FIG. 2, loWer left). Notice 
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that moving along a straight path With a ?xed alignment 
o?fset quali?es as both canted and oblique motion (as shoWn 
on the left in each respective panel), so the classes of motion 
partially overlap. Scanning Motion: Heading is free to turn 
separately from the course While moving along a path (FIG. 
2, loWer right). Scanning motion can be used to search from 
side-to-side While moving or to remain directed toWards a 
stationary or moving target, While traversing a straight or 
curved path. Scanning While traversing a curved path is the 
only case Where both the heading and course vary indepen 
dently. 
De?nitions Relating to VieWing 

[0009] A virtual locomotion control directs the user’s 
avatar through the virtual World and determines, at any given 
point in time, its situated-heading. The situated-heading is 
the global 4-DoF (X, Y, Z, YaW) position and orientation of 
the avatar’s head When the avatar is in an upright stance 
looking straight ahead. (There are actually only 3 degrees of 
freedom in the situated-heading since the Z coordinate is not 
under the user’s control, but only varies With the height of 
the avatar.) Relative to its situated-heading, the avatar may 
be directed to crouch, lean, look up, doWn or to the side. The 
head-pose is the resultant 6-DoF translation and rotation of 
the avatar’s head relative to the situated-heading. The head 
pose combines With the situated-heading to yield the ava 
tar’s vieWpoint, Which is the global 6-DoF displacement and 
orientation of the avatar’s head in the virtual World. The 
vieWpoint determines the user’s ?rst-person vieW of the 
virtual World as seen through the eyes of the avatar. 

[0010] When controlling a remote vehicle, the avatar’s 
head depicted in the accompanying ?gures corresponds to 
the remote vehicle’s turret (Where control cameras are 
mounted that provide images of the actual environment in 
Which the remote controlled vehicle exists). Thus, the situ 
ated-heading is the global 4-DoF position and orientation of 
the vehicle’s turret When the turret is aligned With the 
vehicle’s chassis. The head-pose is the 6-DoF translation 
and rotation of the turret relative to the situated heading, and 
the head-pose is combined With the situated-heading to yield 
the vehicle’s vieWpoint. The vieWpoint determines the 
user’s vieW of the virtual World as seen through the lenses 
of one or more cameras attached to the vehicle’s turret. 

De?nitions Relating to Controls 

[0011] The folloWing terms are used to describe controls. 
Input Control Device: a physical mechanism a user moves or 
applies forces to. The movement or forces are sensed, 
digitiZed, and transmitted to a computer. Control Mapping: 
the transformation of control input to the resulting motion of 
a controlled element (i.e., all or part of a vehicle or avatar). 
Turning the steering Wheel of an automobile, for example, 
turns the orientation of a set of tires Which turns a vehicle in 
motion. Rate Control: a control that maps the position or 
displacement of (or force applied to) an input device to the 
speed of a controlled element. There are rate controls over 
translation and rotation. Positional Control: a control that 
maps the position or displacement of (or force applied to) an 
input device to the position of a controlled element. Position 
may refer to either translation or rotation. For example, 
translating an input device might alter the rotation of a 
controlled element. Translational Control: a positional con 
trol Which controls translation. Directional Control: a posi 
tional control Which controls rotation. 
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[0012] The folloWing additional terms are used to further 
describe controls. Closed Loop Control: a control that 
requires additional sensory feedback (to that described for 
“Open Loop Control”, beloW) for the user to determine hoW 
far a controlled element has turned or translated. Joysticks 
used to control the rate of turning the heading provide a good 
example of a closed loop control. The user pushes a joystick 
to one side and then Watches the display to determine hoW 
far the vieW has turned. (In theory, if the exact time sequence 
With Which the joystick is de?ected is knoWn and the 
mapping betWeen the de?ection and rate of turning is 
knoWn, it is possible to determine hoW far the vieW has 
turned; but in practice people rely on visual feedback, since 
their ability to estimate the extent of turning is limited When 
deprived of visual (or auditory) feedback.) Open Loop 
Control: a control in Which the user is aWare of the extent of 
a translation or rotation of a controlled element (eg an 
avatar or a remote controlled vehicle) as he enters it With the 
input device. The user feels the position of the input device 
(or force applied to it) to sense the turn or translation Without 
the need of further visual or auditory feedback in response 
to his action. Open loop control is therefore independent of 
external feedback such as visual or auditory cues but ben 
e?ts from internal sensory feedback (e.g., the sense of 
touch). Open loop controls are typically positional controls 
With a constant mapping betWeen the distance, angle, or 
force applied to the input device and the resulting effect. A 
positional control is not necessarily an open loop control or 
at least solely open loop. For example, a relative positional 
control (like a mouse) provides open loop control over the 
change in position but only provides closed loop control 
over absolute position (of a cursor on the screen). 

[0013] The term tracker as used herein includes the fol 
loWing: A tracking system made up of a set of components 
that alloW a position detector to determine one or more of the 

spatial coordinates (X, Y, Z, YaW, Pitch, Roll) of one or more 
tracked elements (e.g., parts of the body). Many tracking 
systems require the attachment of one or more tracking 
components to the tracked element. A “sensor” is a device 
that registers speci?c forms of structured energy. Position 
detectors take in readings from one or more sensors to 
determine the coordinates of tracked elements. In the case of 
a conventional optical tracking system, a set of markers is 
attached to the element to be tracked, visible to optical 
sensors mounted in the room. Other tracking technologies, 
including acoustic and potentially Radio-Frequency track 
ing, may adopt a similar con?guration. One or more emitting 
or re?ective elements for the sensed form of transmitted 
energy is attached to the tracked element and sensors are 
placed in the room. Another con?guration is to place the 
sensor(s) on the element to be tracked and place emitting or 
re?ective elements as points of reference in the room. Some 
sensors can detect their oWn motion Without the need for 
reference markers: Inertial sensors can register translational 
or rotational accelerations Which can be integrated (tWice) 
over time to determine translational or rotational displace 
ments. Inclinometers use the earth’s gravity to sense tilt. 
Magnotometers can register their orientation With respect to 
the earth’ s magnetic ?eld. Such sensors are mounted directly 
on the tracked element. Another approach is to use optical 
sensors to track With, but to use the natural visual features 
as reference points, instead of applying a special set of 
markers (emitters or re?ectors). In that case the optical 
sensors could either be mounted in the room With the 
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receiving aperture directed towards the tracked element, or 
the optical sensors could be mounted on the tracked element 
and look for visual features of the surrounding room to sense 
its oWn motion. A tracker can also employ instrumented 
mechanical linkages to connect the tracked element to a 
knoWn frame of reference. The change in the relative 
positions of the linkages are sensed and those readings are 
fed into a position detector. 

Vehicular Controls 

[0014] A Wide range of controls for ground vehicles exist. 
Different kinds of vehicles often use different controls, but 
this is not alWays the case. Automobiles and trucks typically 
use steering Wheels, foot operated brakes and accelerators, 
and a means of shifting the transmission. Motorcycles and 
bicycles use handle-bars for steering, With hand-brakes and 
shift controls mounted on the handle-bars. The controls of 
vehicles are often directly tied to the physical mechanisms 
used to impart motion or redirect the motion of the vehicle. 
In a car the accelerator increases the poWer generated by the 
engine, the brakes apply friction to stop the Wheels from 
turning, the steering Wheel turns a pair of the car’s Wheels. 
The driving controls give the user fairly direct control over 
the operation of the vehicle. Such an approach tends to bias 
the nature of the controls in a number of Ways. Often rate 
controls are adopted because that is hoW the mechanics of 
the vehicle Works. An automobile’s steering Wheel provides 
a rate control over turning. An automobile continues turning 
so long as the steering Wheel remains turned to the side. A 
second bias is that many vehicles only support steering 
motion. Thus With a car the course and heading remain 
co-aligned While the car advances, except When the contact 
betWeen the Wheels and ground slips and the vehicle slides 
across the surface. There are exceptions, hoWever, such as a 
tank With a turret that rotates independently of the main 
chassis. Since one can associate heading With the alignment 
of the turret, the “upper body” of a tank, While the course 
aligns With the main chassis, the tWo can turn independently. 
Treaded vehicles like tanks and some tractors also have 
treads on each side that may be rotated independently. 
Turning the treads in opposite directions turns the vehicle in 
place, unlike an automobile. 

Contrasting Vehicular Controls With Natural Human Bipedal 
Locomotion 

[0015] The controls used to drive ground vehicles do not 
provide as Wide a range of maneuvers as are readily 
achieved using foot-based locomotion. The human body is 
controlled differently. There is no single part of the body that 
corresponds to the main chassis of a vehicle. Different parts 
of the human body can turn and translate relative to one 
another. Different actions can contribute to turning the 
heading: When standing, the legs can sWivel at the hip and 
ankle joints to turn the pelvis and the rest of the upper body 
relative to the feet. Pivoting the feet on the ground or 
stepping to turn turns the feet With respect to the ground. The 
primary means of displacement (displacing the body) via 
natural locomotion is by stepping. The feet are successively 
raised and translated above the ground as steps are taken. 
This translates the body over extended distances. Shifting 
the pelvis betWeen the support feet provides additional local 
displacement. Humans also have a direct vestibular sense of 
hoW much the head has turned, an internal, proprioceptive 
sense of the position of every part of the body, and a central 
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nervous system that integrates all this information to alloW 
a person to maintain their course even though different parts 
of the body may turn in different directions to achieve 
different effects. A man on foot is more maneuverable than 
a tank: Even though a tank may control the heading of its 
turret independently of its course, a tank cannot change its 
course as abruptly as a man can (e.g., to step to the side); a 
tank must ?rst turn its main chassis to move in a neW 
direction. 

Conventional Controls used for Virtual Locomotion 

[0016] Controlling the motion of the user’s avatar or 
vehicle is a key element of a Wide variety of computer games 
and simulations. A variety of controls are available for that 
purpose. This section describes commonly used control 
devices and the conventional control mappings Which are 
applied to their inputs. 

2-DoF Joystick 

[0017] We classify a typical joystick as a 2-DoF centering 
input control device. The normal orientation of a spring 
centered joystick (J S) is vertically upright, from the surface 
it is mounted on. The joystick may be pushed off center in 
any direction. The direction of a joystick can be speci?ed by 
a yaW angle (analogous to a compass heading). The de?ec 
tion of a joystick is hoW far it is pushed in any direction from 
being vertically upright. When a joystick is released it 
springs back to an upright centered position. Another Way of 
describing a joystick’s motion is to say that it may be 
de?ected to either side of tWo orthogonal Qi-Y) axes, With 
one axis running front-to-back and the other side-to-side. 
Basic joysticks provide tWo DoF Which can be considered 
either as the direction and de?ection of the stick or as tWo 
orthogonal axes of de?ection. 

[0018] Joysticks have conventionally been used as rate 
control devices. They are also frequently treated as dual 
control devices in Which the tWo orthogonal axes control 
tWo independent variables. When controlling motion, they 
are typically linked to tWo different aspects of motion, such 
as the rate of turning and the speed of translation. 

[0019] In the early days of 3D computer games, a single 
joystick Was used to move an avatar about through a 
computer generated landscape. The de?ection of the joystick 
along its front-to-back axis sets the avatar’s rate of displace 
ment. Pushing the JS straight forWard moves the avatar 
straight ahead; pulling the JS straight back reverses the 
motion; centering the J S stops the avatar. The further the J S 
is pushed forWard or back, the faster the avatar translates in 
that direction, thus the front-to-back axis of the joystick 
provides rate control over displacement. The de?ection of 
the joystick along its left-to-right axis sets the rate at Which 
the course and heading turn together, thus the left-to-right 
axis provides rate control over steering. Pushing the J S to the 
left steers to the left; pressing the J S to the right steers to the 
right. The further the JS is pushed to either side, the faster 
the course and heading turn together in that direction. The 
heading alWays faces in the direction of forWard motion, 
While the avatar moves either straight ahead or in reverse. 
The course and heading turn together in place (Without 
translation) When the J S is pushed exclusively to one side or 
the other. Pushing the JS in a diagonal direction engages 
both steering and translation, so the avatar turns While 
advancing (or retreating). This control mapping does not 
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support oblique, canted, or scanning motion since course 
and heading remain co-aligned. Additional input is required 
to provide access to that range of motion. 

Gamepad: Dual 2-DoF Joysticks 

[0020] Gamepads are Widely used to control virtual loco 
motion in many ?rst-person shooter games, especially on 
game consoles. Referring noW to FIG. 3, a gamepad 2 
provides a pair of 2-DoF thumb-joysticks 3 and 4 used to 
change the course, heading, and displacement of the user’s 
avatar. The controls are applied in a fairly standard manner. 
In the right-hand ?gure, the de?ection of the right joystick 
3 along its left-to-right axis sets the rate at Which the course 
and heading turn together, providing rate control over steer 
ing. (De?ecting this joystick along its front-to-back axis sets 
the rate at Which the head-pose pitches up or doWn, but is not 
part of locomotion.) We call the right joystick 3 the steering 
joystick (FIG. 3, right). Pushing the steering joystick to its 
full leftmost extent turns course and heading together to the 
left at a maximum angular rate (degrees per second). Push 
ing it only partially over to the right turns them to the right 
at a sloWer rate. 

[0021] The left joystick 4 (noteithe abbreviation “JS” 
Will be used interchangeably for the term “joystick” herein) 
is typically considered to be a tWo-axis Qi-Y) rate control 
over X-Y translation in a reference frame that turns With the 
heading, as shoWn in the left-hand ?gure of FIG. 3. There is, 
hoWever, a functionally equivalent interpretation that factors 
its control over the course and displacement (and ?ts in 
better With the neW approach presented in the description of 
the invention, beloW). We prefer to describe the operation of 
this J S in terms of polar coordinates (R-Theta): The de?ec 
tion (R) of the left joystick in any direction sets the rate of 
displacement. The angular direction (Theta) in Which the left 
joystick is pushed determines the direction of the course 
relative to the current heading (FIG. 3, left). In general, We 
call the left joystick 4 the offset joystick because it controls 
the alignment-offset in a variety of different control map 
pings of dual joystick gamepads. In particular, We call the 
angular offset of the course With respect to the heading the 
course-o?fset. With this interpretation the offset joystick 
provides directional control over the course-offset and rate 
control over displacement. When the offset joystick is solely 
engaged, the course is redirected and the heading remains 
unchanged. FIG. 1 above shoWs examples of alignment 
o?fsets in terms of stepping patterns: Pushing the offset 
joystick forWard directs the course forWard (forWard step); 
pushing it left or right moves the course to the side relative 
to the heading (side step); pushing it back directs the course 
back (back step); and pushing it on the diagonal produces a 
diagonal course relative to the heading (diagonal step). 
Pushing only the offset joystick Without engaging the steer 
ing joystick (i.e. joystick 3) moves the avatar in a straight 
trajectory in the speci?ed direction; de?ecting the steering 
joystick Without engaging the offset joystick turns the avatar 
in place. In summary, the offset joystick redirects the course 
Without altering the heading. The steering joystick controls 
the rate at Which the course and heading turn together. 
Therefore, We categorize the conventional gamepad control 
mapping as a course-offset control mapping, With rate con 
trol over steering and directional control over course-o?fset. 

[0022] The conventional gamepad control mapping 
described above is typical for controlling ?rst-person 
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shooter games. In addition, it is common for games to add 
additional control mappings Which alloW the user to assign 
different functions, polarities, ranges, and scales to the 
joysticks and buttons provided by gamepads. These cur 
rently available options do not include the neW forms of 
open loop controls described in this invention. 

Executing Di?ferent Classes of Motion With the Conven 
tional Gamepad Control Mapping 

[0023] The steering and offset joysticks are manipulated 
(control action) to move the user’s avatar through the virtual 
World (control elfect). Because of the Way the joystick 
actions control course, some classes of motion are easier to 
achieve than others. Moreover, redundant control over 
course gives rise to a multitude of different Ways of entering 
the same ?nal course. 

[0024] Steering motion requires de?ecting the steering 
joystick While pushing the offset joystick forWard. The 
situated-heading changes as the heading turns and the avatar 
advances along the trail. Steering motion is controlled in a 
closed loop manner because the user relies on visual feed 
back to determine the extent of rotation and translation. Both 
steering and displacement are rate controlled. Oblique 
motion is accomplished using only the offset joystick. Head 
ing remains ?xed in the current direction because no steering 
occurs. The user enters the course simply by pushing the 
offset joystick in the desired direction Without need of visual 
feedback. Therefore, oblique motion is controlled in an open 
loop manner. The user continually feels the current direction 
of the course-o?fset. Scanning motion folloWing a straight 
path is di?icult using conventional gamepad controls. Refer 
ring noW to FIG. 4, the steering joystick must turn the 
heading to scan, but the course turns along With it (FIG. 4, 
left). To folloW a straight path (FIG. 4, right), the offset 
joystick must countertum to cancel out this rotation of the 
course (FIG. 4, middle), as indicated by “summing” the left 
and middle ?gures to obtain or equal the motion shoWn in 
the right ?gure. It is di?icult to balance the tWo forms of 
turning since one joystick is controlled by rate and the other 
by direction. Without knoWing hoW far the steering joystick 
changes the course direction, the user does not knoW Where 
to point the offset joystick to counter it. Scanning motion 
folloWing a curved path is even more di?icult using such 
controls. 

[0025] Conventional gamepad controls favor visually 
directed motion because rate-based steering relies heavily on 
visual feedback. Both canted and scanning motions alloW 
the avatar to turn to face a target While moving along a path. 
Users compensate for the Weakness in executing scanning 
motion by relying heavily on canted motion. They adopt a 
control strategy called targeted canted motion in Which the 
heading is constantly turned toWard the target While the 
alignment-offset of the course and heading remains ?xed in 
order to direct them together as a unit. Targeted canted 
motion is performed by de?ecting the steering joystick While 
holding the offset joystick in a ?xed direction. A family of 
spiral trajectories emerges by doing so, as shoWn in FIG. 5. 
A sophisticated user can smoothly transition betWeen these 
trajectories to achieve even more complicated paths. The 
term stra?ng is used in the gaming community to denote 
oblique motion, shooting While moving obliquely, and the 
form of targeted canted motion just described. Circle-straf 
ing is the tactic of circling a target While facing toWard it. 
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Dual 2-DoF Joystick Control of Turreted Vehicles 

[0026] A hybrid control mapping exists for controlling 
tanks in simulation games and remotely controlled turreted 
vehicles. It controls the main chassis using one joystick and 
turns the turret and elevates the gun With the second joystick. 
The JS controlling the main chassis Works as described 
above regarding hoW a single 2-DoF joystick is used to drive 
an avatar in early 3D computer games: Front-to-back move 
ment of this JS controls the speed of the tank While side 
to-side motion of the J S steers the tank chassis. The other J S 
controlling the turret and gun elevation operates as a rate 
control over the turret and gun elevation: De?ection of the 
joystick along its left-to-right axis sets the rate at Which the 
turret revolves; de?ection of the joystick along its front-to 
back axis sets the rate at Which the tank’s main gun elevates, 
pitching up or doWn. 

[0027] Since the heading of the tank corresponds to the 
direction in Which the turret faces, this dual joystick control 
provides tWo Ways of turning the heading: (1) The turret is 
carried along as the chassis turns under it, and (2) the second 
J S alloWs the turret to turn With respect to the chassis. The 
tank’s course remains aligned With the chassis because the 
tank translates along the treads suspended from the chassis. 
The left-to-right axis of the second J S provides rate control 
over turning the heading-offset, i.e. the angular offset of the 
heading With respect to the course. (The front-to-back axis 
of the second J S provides rate control over the gun’s pitch, 
but this is not part of locomotion.) In terms of a tank, the 
heading-offset corresponds to the orientation of the turret 
With respect to the tank’s chassis. Heading-offset control 
exerts a different kind of control than the more Widely used 
course-offset control previously described for controlling 
human locomotion (see FIG. 3), Where the second JS 
provides control over the course-o?‘set. 

[0028] Heading-offset control makes it easy to execute 
scanning movement While moving along a straight path. 
Since the turret can turn independently of the main chassis, 
the user can maintain the course With one J S While turning 
the heading of the turret With the other J S to scan in different 
directions. The tank continues to move in a straight path 
While the turret turns to look about. The advantages of 
heading-offset control Will be further described in the 
description of the invention beloW. 

[0029] Because it is rate-based, this type of heading-offset 
control has a major problem: the user loses track of the 
course When both J S controls are adjusted at once. The 
heading turns both during steering and scanning (using both 
the steering JS and the heading-offset JS). This redundant 
means of turning the heading can be confusing. Since both 
steering and heading-offset turns are performed via rate 
control, this approach provides closed loop control over both 
course and heading. Thus the user must rely on the changing 
visual scene to judge hoW far his heading has turned. If the 
user only steers the chassis or turns the turret (heading 
o?“set)ione at a timeithe extent of each heading change 
can be visually estimated. Even then, the user Will have to 
remember hoW much the heading has turned separately from 
the course, because there is no information available from a 
static ?rst person vieW, looking in the direction the turret is 
facing, to tell the user hoW the heading is aligned With the 
course (i.e., hoW the turret is oriented on the tank chassis). 
If the chassis turns in place to redirect the course While the 
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turret simultaneously counter-turns to retain the heading 
direction, there is no visual indication from a ?rst-person 
vieW hoW far the chassis has turned. The user loses track of 
Where he Will go When the steering JS is pushed straight 
ahead to ‘advance’. If the tank is translating and the turret 
has stopped turning the course can be inferred from optic 
?oW. The center of outWard optic ?oW speci?es the direction 
of locomotion. If this point is Within the visible ?eld-of-vieW 
the user Will perceive the tank is moving toWards it. 

[0030] This control mapping makes accurate control over 
oblique movement di?icult. There is no reliable Way of 
executing a side-step movement. If the user counter-turns 
the heading-offset JS to keep the heading facing forWard 
While steering to go sideWays he Will not knoW When the 
course has reached the desired 90° orientation. 

[0031] Although a straight course can be maintained While 
scanning, it is di?icult to scan folloWing a curved path since 
it involves turning the chassis and turret at the same time. In 
so doing the user loses track of the course. AWareness of 
one’s course and heading is vital. Without it the user cannot 
make full use of the tactical movement capabilities of 
heading-offset control. 

3 -DoF Joystick 

[0032] Some joysticks provide a third DoF by alloWing the 
user to tWist the shaft of the JS to turn it in either direction. 
Such J S are spring-loaded to return the shaft back to a 
neutral (centered) position upon release. This third axis 
typically provides a rate control over steering. The more the 
shaft is tWisted in one direction the faster the course and 
heading turn together in that direction. That assignment frees 
up the side-to-side motion of the JS to control other aspects 
of motion. 

[0033] The side-to-side and forWard-and-back de?ections 
of the joystick provide a tWo-axis (X-Y) rate control over 
X-Y translation in a reference frame that turns With the 
heading. This is equivalent to the mapping of the offset 
joystick of a conventional dual joystick gamepad used to 
control the avatar’s locomotion. As for that mapping, the 
de?ections of the JS may be described in terms of polar 
coordinates (R-Theta): The de?ection (R) of the JS in any 
direction sets the rate of displacement. The angular direction 
(Theta) in Which the J S is pushed determines the direction of 
the course relative to the current heading (i.e., the angular 
offset of the course With respect to the heading). The 
movement of the joystick thus provides directional control 
over the course-offset and rate control over displacement. 

[0034] The 3-DoF JS uses a control mapping similar to 
that used With the conventional dual joystick gamepad. It is 
a course-offset control mapping, With rate control over 
steering and directional control over course-o?‘set. Since 
scanning motion is di?icult to control, it also relies heavily 
on targeted canted motion for turning the avatar to face a 
target While moving along a path. 

Keyboard and Mouse Controls 

[0035] The mouse is an input device that provides a 2-DoF 
relative positional input. The mouse is active When in 
contact With the surface it strokes over. The input from the 
mouse does not change When it is lifted and repositioned, 
making the mouse a relative translational input device. The 
input of a mouse can be mapped in different Ways to control 
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different things. Mice are often used to steer a cursor around 
on a display screen. In that case a 2-DoF relative transla 
tional input is used to control a 2-DoF absolute translational 
output. The motion of the mouse may be rescaled to drive 
the motion of the cursor. This scaling is referred to as the 
control-to-display (CD) ratio. The recent trend in applying 
these devices has been to vary the CD ratio based on the 
velocity to obtain more precision of control When moving at 
sloW speeds. Example patents describing rate dependent 
adjustment ofthe CD ratio include: US. Pat. No. 5,191,641, 
Yamamoto, et al., issued Mar. 2, 1993, and US. Pat. No. 
4,386,346, James L. Levine, issued May 31, 1983. 

[0036] Input from a mouse is also often used to control a 
person’s vieW of a 3D computer generated scene. Although 
there are a Wide variety of mappings used to adjust one’s 
vieW, one of the most Widely used approaches, especially in 
?rst-person-shooter computer games, is to use the 2-DoF 
mouse input to control rotational components of the avatar’s 
vieWpoint. Side-to-side movements of the mouse adjust the 
yaW of the avatar’s situated-heading, and front-to-back 
movements adjust the pitch of the avatar’s head-pose. 
Notice that here a 2-DoF relative translational input is 
mapped to control tWo relative angular adjustments. The 
same methods of setting a CD ratio and varying the CD ratio 
in a rate dependent manner can also be applied to controlling 
the yaW and pitch of the vieWpoint. Although a mouse could 
be used as an open loop control over distance (or angle) the 
remapping of linear distance covered based on velocity 
makes the mouse into a closed loop control. 

[0037] Control over the pitch of the avatar’s head-pose is 
treated separately from virtual locomotion, although it is as 
described beloW a key element of vieW control. On the other 
hand, control over the yaW of the situated-heading deter 
mines the heading and is thus an integral part of the virtual 
locomotion. 

[0038] Keyboard and mouse controls are popular devices 
for controlling the avatar’s vieWpoint in ?rst-person shooter 
video games because the precision of the mouse facilitates 
direct, precise, looking and aiming. The mouse is used to 
control the heading and elevation of the vieWpoint. A set of 
four direction keys on the keyboard give the user a coarse 
form of directional control over the course-offset and rate 
control over the vieWpoint’s translation. Since a key press is 
mapped to a ?xed velocity, the direction keys provide 
discrete rather than continuous control over the rate of 
displacement (the use taps the key sloWly to move sloWly 
and holds it doWn to move at the maximum velocity). 

[0039] The keyboard and mouse control has similarities to 
a conventional gamepad control in that both use course 
olfset control mappings: turning the vieW changes the ref 
erence frame in Which the direction of the course is inter 
preted. A fundamental difference is that the keyboard and 
mouse provides directional control over both steering and 
course-offset (versus the gamepad’s rate control over steer 
ing and directional control over course-offset). The mouse’s 
precise control of the vieWpoint’s yaW and pitch has made 
the keyboard and mouse popular for controlling ?rst-person 
shooter games, since the user can quickly and accurately 
alter the vieW to steer the character and aim the character’s 
Weapon. Coordination betWeen course and heading is still 
limited because they are controlled by different types of 
input devices (discrete keys versus continuous strokes). 
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Keyboard and mouse controls are poorly suited for use With 
head-mounted displays because the user cannot see the keys 
of the keyboard. 

Less Conventional Virtual Locomotion Controls 

[0040] Another approach, designed to enhance a user’s 
control over his vieWpoint, is described in the patent: “Image 
Display Method and Apparatus With means for Yoking 
VieWpoint Orienting Muscles of a User” (US. Pat. No. 
5,436,638 Bolas et al., issued Jul. 25, 1995). The control is 
intended to yoke the movement of a person’s vieWpoint 
orienting muscles to direct their vieWpoint in VE. The user 
applies force to a spring centered input device specially 
designed to alloW the user to apply forces from both sides of 
his body. These forces are yoked to provide a central 
measure of the user’s muscle exertion. Up to 6-DoF of input 
can be expressed. The key idea behind this approach is that 
the movement of the vieWpoint should react to the forces 
applied by the useriso as to turn or translate as the user’s 
physical vieW Would change if the forces Were alloWed to 
move the user’ s body rather than press against the device. To 
orient toWard an area-of-interest on the left the user activates 
muscles that Would be used to physically orient his body to 
the left and applies those forces to the device. The patent 
observed that: “The effect of virtual-motion of the vieWpoint 
is compelling because the rate of motion increases With the 
forces applied.” This is a good example of a vieWpoint 
control designed to be simple and natural to use. Notice, 
hoWever, that even an advanced design like this one still 
relies on rate control to steer virtual motion. Thus ease of use 
is achieved at the cost of limiting the kinds of motion that 
can be easily executed and dependence on immediate visual 
feedback (closed loop control) to direct motion. 

[0041] Another class of motion controls Were developed to 
more closely simulate natural locomotion by having the user 
gesture With the legs to indicate the direction, rate, and 
extent With Which virtual steps are taken. Such systems track 
the motion of the legs and other body segments in real time, 
and map localiZed leg movements into translational motion. 
Such a control alloWs a person to stand and Walk in place to 
control the movement of their avatar’s vieWpoint through 
VE, and is described in US. Pat. No. 6,646,643, James N. 
Templeman, issued Nov. 11, 2003 (hereinafter “Temple 
man”). The range of motion is expressed by stepping to: 
advance, move obliquely, turn, move in a bladed posture (as 
When holding a ri?e), and turret the upper body relative to 
the feet. People are pro?cient at combining these move 
ments to perform complex maneuvers. A person’ s aWareness 
of their dynamic posture and orientation in space facilitates 
this freedom of motion. This range of mobility is called upon 
to carry out the movements involved in infantry combat. The 
differences betWeen motions expressed by leg-based ges 
tural controls and motions expressed using vehicular and 
computer game input controls are presented. 

BRIEF SUMMARY OF THE INVENTION 

[0042] According to the invention, an apparatus for con 
trolling the movements of a vehicle having on-board con 
trols for independently controlling the course and heading of 
the vehicle in response to a remote operator’s control and an 
on-board camera/video transmitter for recording and trans 
mitting a video stream of the camera’s vieW of the physical 
environment Within Which the vehicle is operating, includes 
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a user input means, e. g. a gamepad having a ?rst joystick and 
a second joystick and a plurality of outputs responsive to 
user-controlled movements of each joystick and user-con 
trolled buttons; a processor including a control mapping 
algorithm and a remote vehicle controller, With the control 
mapping algorithm mapping the gamepad outputs to the 
remote-controlled vehicle course, heading, and displace 
ment, the ?rst joystick mapped to provide an open loop 
directional control over steering of the vehicle, and the 
second joystick mapped to provide an open loop directional 
control over offset of the vehicle. The con?guration provides 
open-loop control over the vehicle course and heading. The 
remote vehicle controller sends commands to the on-board 
controls to direct the movement of the remote vehicle. A 
display, eg a computer desktop monitor display or a head 
mountable display, receives the video stream and displays 
the movement of the vehicle to the operator/user. 

[0043] The remote control vehicle, eg a tank or armored 
personnel carrier, may include a turret, With the remote 
vehicle controller including control over the rotation of the 
turret While the processor includes control mapping the 
turret rotation of the remote vehicle as a directional open 
loop heading control. Using a gamepad, a joystick, eg the 
second joystick, may be mapped to provide either a course 
olfset or a heading-offset. The vehicle may then move in 
accordance to a computed situated-heading and the head 
pose. The invention may also include a video rendering 
system for providing a mono or stereo video image to a 
head-mountable display or a desk-top monitor display. 

[0044] One joystick, eg the second joystick, may be 
mapped to provide a course-offset or alternatively to provide 
a heading-offset. A tracker may be attached to the gamepad 
to direct a head-pose of the vehicle as an open-loop control. 
Using a head mountable display, a tracker may be attached 
to it to direct a head-pose of the vehicle as an open-loop 
control. With this setup, the avatar can be programmed to 
move in accordance to a computed situated-heading and the 
head-pose. A video rendering system can provide a mono or 
stereo video image transmitted from a camera mounted on 
the vehicle to a head-mountable display, and/or to a desk-top 
monitor display. A pair of sliding foot pedals may be 
provided and mapped for open-loop translational control of 
a displacement of the vehicle. The movements of the vehicle 
may be depicted as three dimensional. 

[0045] Alternate types of dual-axis directional control 
devices may be used in place of the joysticks for controlling 
the vehicle’s course and heading. These include trackballs, 
touchpads, or computer mouse devices. A third directional 
input device, eg a third joystick, may be used to provide 
additional directional control over the avatar’s course, head 
ing or head-pose. 

[0046] Unlike the conventional dual joystick gamepad that 
only provides a partial open-loop control over the course by 
means of a directionally controlled course-offset joystick 
(alloWing a user to sense and direct the course by positioning 
the offset joystick Without the need for additional sensory 
feedback, but only Without operating a second steering 
joystick control) the invention enables complete open-loop 
control over both course and heading, thus providing com 
plete directional control Without the need for additional 
sensory feedback While alloWing the use of both the offset 
joystick and the steering joystick. 
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[0047] The apparatus accordingly uses a neW set of control 
mappings to transform the user’s manipulation of the input 
control devices into the motion of the remotely operated 
vehicle to give the user a high degree of control over their 
motion. The invention applies a conventional dual joystick 
gamepad in a neW Way. A hallmark of the neW control 
mappings, introduced by this invention, is the use of a 
joystick as a directional control over heading: the angular 
direction in Which a joystick is pointed determines the 
rotation of the heading. This has the folloWing advantages: 
(1) it controls heading in an open-loop manner, (2) it makes 
it easier to coordinate changes in heading With other direc 
tional controls, and (3) it has a number of other advantages 
that Will be described beloW. The direction in Which a 
joystick is pushed can be used to direct the heading and 
course together to provide directional control over steering. 
Directional control over heading can also be used to alloW 
the offset JS to enter the heading-offset (the offset of the 
heading from the course). 

[0048] This invention’s novel application of heading-olf 
set control to locomotion encourages users to more freely 
redirect their heading and look around as the vehicle moves 
through its environment. This freedom to redirect their 
heading While folloWing a selected path is very important for 
tasks that involve searching While on the move, as required 
for actual combat or other military tactical situations. Add 
ing directional control over heading-offset alloWs the user to 
directly feel the alignment-offset at all times. Heading-offset 
control also makes following a path more consistent, in the 
sense that the steering J S is alWays operated in the same Way 
to folloW the same path, irregardless of hoW the heading is 
redirected along the Way (by the heading-offset J S). 

[0049] The invention describes a variety of different con 
trol mappings. Directional control over heading and course 
alloWs steering, scanning, and oblique movement to be 
controlled in an open-loop manner. Certain control map 
pings provide advantages in applications that emphasiZe 
certain types of motion. A situation focusing on tactical 
vehicular movement Would bene?t from a control that gives 
good support for scanning movement, such as for scanning 
a turret of a tank or similar vehicle; Whereas some other 
types of situations Would bene?t from a control that gives 
good support for oblique movement. Assigning a joystick to 
directionally control the heading-offset (the offset of the 
heading from the course) makes it much easier for the user 
to execute scanning motions, Whereas alternatively assign 
ing a joystick to directionally control the course-offset (the 
offset of the course from the heading) makes it much easier 
for the user to execute oblique motions. 

[0050] Applying the steering joystick as a directional 
control rules out using one of the axes of this joystick to 
control the pitch (up-and-doWn tilt) of the vehicle’s turret or 
the like, as is done in conventional gamepad control map 
pings. Another input control device is required to control the 
pitch. The preferred approach adopts a conventional means 
of control: The user Wears a tracked head-mounted display 
and the 6-DoF pose of the user’s head directs the vehicle’s 
turret relative to the course, heading and displacement. 
Alternatives are available for use With ?xed displays and/or 
tracking systems that register feWer DoF. For example, 
attaching a 2-DoF tracker on the gamepad for controlling 
pitch and roll alloWs the turret to be rotationally controlled 
in a completely open-loop manner 
































